1. Introduction {#sec0005}
===============

Chitosan, *β*-(1, 4)-linked 2-amino-2-deoxy-*D*-glucose, is derived from deacetylation of chitin. Known to be biocompatible, non-toxic, biofunctional, and biodegradable, it has been utilized in many disciplines, such as the pharmaceuticals, food, agriculture, and biotechnology industries, as well as environmental and biomedical engineering [@bib0005], [@bib0010], [@bib0015].

The chemical modification of chitosan is a common protocol for obtaining new chitosan derivatives with biofunctional properties, so that their applications may be expanded [@bib0020]. In previous reports, *N*, *N*, *N*-trimethyl chitosan [@bib0025], *N*, *O*-acetylchitosan [@bib0030], *N*-acetylated chitosan [@bib0035], and *N*-carbxymethyl chitosan [@bib0040] were synthesized to yield soluble chitosan derivatives; chitosan gel formation via a chitosan-epichlorohydrin adduct shows significant cell adhesion [@bib0045]; cross-linking chitosan with glutaraldehyde can improve the chemical and mechanical resistance of chitosan [@bib0050]; *N*-\[(2-hydroxy-3-trimethylammonium) propyl\] chitosan chloride has been synthesized to produce good antibacterial activities [@bib0055]. Many other studies are underway to prepare functional materials with good bioactivities or compatibilities [@bib0060],[@bib0065].

The cationic nature of chitosan enables it to have efficient adsorption capacity for utilization in water treatment [@bib0070],[@bib0075]. In this study, we synthesize a new chitosan derivative to which bacteria can adequately adhere. This derivative presents a potential for application in industrial and scientific research, and can be used as an efficient adsorption material that can adsorb and remove bacteria or negative colloidal particles from wastewater [@bib0075], [@bib0080], [@bib0085]. In addition, because of its ability to effectively promote biofilm (a structure formed by bacterial adhesion growth) formation, it can potentially be used in biofilm studies. In recent studies on bacterial biofilms, researchers have taken measures to treat the surface of culture vessels to promote biofilm formation. For example, the surface of a glass coverslip was modified with polyelectrolyte to enhance bacterial adhesion and biofilm growth [@bib0090]. The chitosan derivative produced in this study can easily form films on the surface of various equipments to boost biofilm growth. Nanomaterials based on biofilms. are expected to be exploited and gradually used [@bib0095]; thus, the material in this study may have important production applications because it can promote biofilm growth.

The new chitosan derivative utilized in this study was obtained as follows: First, chitosan was protected by phtalic anhydride, and then ethyl chlorocarbonate was grafted onto its hydroxyl groups. It was finally deprotected by hydrazine, which also enables cross-linking with itself. The new derivative was characterized by Fourier transform infrared (FT-IR) and proton nuclear magnetic resonance (^1^H NMR) spectroscopy, as well as X-ray diffraction (XRD), differential scanning calorimetry (DSC), and thermogravimetric analysis (TGA).

2. Materials and methods {#sec0010}
========================

2.1. Materials {#sec0015}
--------------

Chitosan (degree of deacetylation ≥ 90 %), phthalic anhydride, molecular sieves (4A), and calcium hydride were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Hydrazine (80%), ethyl chlorocarbonate, triethylamine, and *N*, *N*-dimethylformamide (DMF) were obtained from Tianjin Bodi Chemical Co., (Tianjin, China). Triethylamine was distilled from calcium hydride and stored over molecular sieves. DMF was distilled under reduced pressure from calcium hydride and stored over molecular sieves. All solvents and other chemicals were purchased from local commercial suppliers and were of analytical reagent grade, unless otherwise stated.

2.2. Synthesis of chitosan derivative {#sec0020}
-------------------------------------

### 2.2.1. Synthesis of *N*-phthaloylchitosan {#sec0025}

*N*-phthaloylchitosan was synthesized following a previously reported method [@bib0100], [@bib0105]. Briefly, chitosan (1. 0 g) and phalthic anhydride (2.75 g) reacted in 20 mL DMF for 6 h at 110 °C in a nitrogen atmosphere. The reaction mixture was then cooled to 65 °C, and left overnight under the same conditions. After concentration, the reaction mixture was poured into 500 mL ice water. The precipitate was collected and washed thoroughly with methanol and then dried *in vacuo* overnight at room temperature. *N*-phthaloylchitosan (1.861 g) was obtained as a light-yellow powder (compound 1). FT-IR (KBr cm^−1^): 3450 (OH), 1776 and 1714 (C = O of imide), 722 (aromatic ring), 1154 (C-O-C), and 1067 (C~3~-OH). ^1^H NMR (DMSO-*d*~6~, mg/L): 1.7 (CH~3~ in acetamide), 7.5 -- 8.0 (aromatic ring), and 3.2 -- 5.5 (pyranose ring).

### 2.2.2. Grafting ethyl chlorocarbonate on *N*-phthaloylchitosan {#sec0030}

*N*-phthaloylchitosan (1.0 g) was dissolved in 3.28 mL DMF at 60 °C. After 30 min of incubation, a catalytic amount of triethylamine and 3. 28 mL ethyl chlorocarbonate were slowly dropped into the solution under a nitrogen atmosphere, and continuously reacted at room temperature for 2 d, with stirring. After concentration, the reaction mixture was precipitated in water. The crude product was washed several times with methanol and dried overnight *in vacuo* at room temperature (compound 2, 1. 2309 g). FTIR (KBr cm^−1^): 3452 (OH), 1776 and 1718 (C = 0 in imide or OCOOCH~2~CH~3~), 1207 (C-O of OCOOCH~2~CH~3~), 722 (aromatic ring), 1153 (C-O-C), and 1067 (C~3~-OH). ^1^H NMR (DMSO-*d*~6~, mg/L): 1.7 (CH~3~ in acetamide), 1.05 (CH~3~ in CH~2~CH~3~), 7.5 -- 8.0 (aromatic ring), and 3.2 -- 5.5 (pyranose ring).

### 2.2.3. Deprotection of grafted product and cross-linking {#sec0035}

Compound 2 (1.0 g) was dissolved in 20 mL aqueous hydrazine (3.4 mL 80% hydrazine) at 80 °C in a nitrogen atmosphere [@bib0110]. After 48 h of reaction with stirring, the solution was concentrated, washed several times with water and methanol, and then dried overnight *in vacuo* (compound 3,1.2872 g). FT-IR (KBr cm^−1^): 3425 (-NH~2~), 1719 (OCONHNH/NH~2~), 1153 (C-O-C), and 1067 (C~3~-OH).

2.3. Characterization {#sec0040}
---------------------

FT-IR spectra were recorded on a Nicolet NEXUS670 using the KBr method. ^1^H NMR spectroscopy was performed on a Varian Mercury-400 spectrometer. Tetramethylsilane was used as an internal standard. Both compounds 1 and 2 were dissolved in *d*~6~-DMSO. XRD patterns of chitosan and its derivative were recorded on an X-ray diffractometer (D/Max2550PC, Rigaku) with Cu/kα characteristic radiation at a voltage of 40 kV and a current of 50 mA. The scanning rate was 4°/min and the scanning range of 2*θ* was from 5° -- 50° at room temperature. DSC measurements were carried out using a METTLER DSC823e calorimeter with a heating rate of 10°C/min. TGA was carried out using a METTLER TG/DSC1 with argon at a flow rate of 50 mL/min and a heating rate of 10°C/min from 25 -- 700 °C. The morphology of compound 3 films on different substrates was observed in the air after drying at room temperature with an AJ-III atomic force microscope (AFM, Nano Science Development Ltd., Shanghai, China).

2.4. Swelling test {#sec0045}
------------------

The swelling capacity of the chitosan derivative was studied in different media. Briefly, pre-weighted derivative samples (0. 05 g for each test) were separately immersed in 30 mL 0.10 M acetic acid, 0.10 M HCl, ultra pure water, and 0.10 M NaOH [@bib0115]. The samples were then retrieved from the media when they reached equilibrium swelling (24 h), wiped with filter paper, and weighted. The swelling ratio of each sample was determined according to the following equation:$$\text{Swelling}\,\text{ratio}\,(\%) = \frac{\left( {\text{W}_{\text{t}} - \text{W}_{0}} \right)}{\text{W}_{0}} \times 100\%$$where W~t~ and W~0~ represent the weight of the swollen and dry samples, respectively.

2.5. Bacterial adhesion and biofilm formation {#sec0050}
---------------------------------------------

The bacterial species, recombinant *Escherichia coli* HB101 pGLO, was used in this study. E. *coli* HB101 was first cultured overnight at 37 °C on Luria-Bertani (LB) agar plates. A colony of 2 -- 3 mm in diameter was then inoculated in 3 mL of LB culture medium. A total of 120 mg arabinose was added into the LB culture medium to induce the green fluorescent protein expression of E. *coli* HB101. Afterwards, the bacteria and arabinose-contained LB culture medium were diluted to 300 mL using the same medium for the next study [@bib0120].

*Φ* 30 mm glass and polystyrene culture dishes were used to investigate bacterial adhesion and biofilm formation onto different substrates: native glass and chitosan derivative-coated glass dishes; and native polystyrene and chitosan derivative-coated polystyrene dishes.

For bacterial adhesion assay, 0. 5 mL of the E. *coli* HB101 culture medium was separately incubated onto the different substrates for some time at 37 °C. To investigate the temporal growth state of E. *coli* on different substrates, four incubation times (i. e., 12, 24, 48, and 72 h) were used for each substrate; each test was repeated at least three times. Phase contrast and fluorescent images of E. *coli* grown on the different substrates were recorded using an inverted microscope (Olympus, CKX41) equipped with a CCD camera (QIMAGING, Micropublisher 5.0 RTV) and a mercury lamp (Olympus, U-RFLT50) after washing with sterile PBS (0.01 M, pH 7.4).

3. Results and discussion {#sec0055}
=========================

3.1. Synthesis of the new chitosan derivative (compound 3) {#sec0060}
----------------------------------------------------------

Synthesis of the new chitosan derivative (compound 3) was accomplished via a three-step reaction. First, the amino groups of chitosan were protected using phthalic anhydride through a phthaloylation reaction. According to the integration of the phthaloyl protons against the protons of the glucosamine backbone, the degree of substitution was about 1. 3 (Anumansirikul, 2008). Ethyl chlorocarbonate was then grafted onto the amino-protected chitosan under homogeneous conditions. Finally, hydrazine was added to deprotect the phthaloyl group. The deprotected chitosan derivative molecules cross-linked with each other to form the targeted derivative, compound 3. The complete synthetic process is shown in [Figure 1](#fig0005){ref-type="fig"}.Figure 1Complete synthetic process of the new chitosan derivative (compound 3).

[Figure 2](#fig0010){ref-type="fig"} shows the FT-IR spectra of chitosan, and compounds 1, 2, and 3. Compared with the spectra of chitosan before (a) and after (b, c, and d) protection, the peaks at 1776, 1714 (phthalimido group), and 722 cm^−1^ (aromatic ring) in spectrum (b) revealed that chitosan was successfully protected. The second step involved the grafting of ethyl chlorocarbonate to the hydroxyl groups of chitosan. The absorption band at 1391 cm^−1^ in spectrum (c) can be attributed to the -CH~2~CH~3~ characteristic vibrations of ethyl chlorocarbonate, which were stronger than those of compound 1. The band at 1718 cm^−1^ also became stronger, which can be attributed to the appearance of new -OCOO-groups. Additionally, ^1^H NMR showed the methyl group of ethyl chlorocarbonate at 1.03 -- 1.07. These results indicated that ethyl chlorocarbonate was successfully grafted onto chitosan. When hydrazine was added, the peaks at 1776, 1714, and 722 cm^−1^ disappeared (spectrum d), suggesting that deprotection was successful. The peak at 1709 cm^−1^ is attributed to OCO-NH-NH/NH~2~ [@bib0125],[@bib0130].Figure 2FT-IR spectra of chitosan(a), compound l(b), compound 2(c), and compound 3(d).

3.2. Physical properties of the chitosan derivative {#sec0065}
---------------------------------------------------

The crystallographic structures of chitosan and its derivative were determined by XRD. [Figure 3](#fig0015){ref-type="fig"} shows that chitosan has two different peaks at 2*θ* = 10° and 2*θ* = 20°. The peak at 10° was assigned to crystal form I and the strong peak at 20° was assigned to form II [@bib0135]. For the chitosan derivative, the peak at 10° was absent, and the reflection at 20° also significantly decreased. This result suggested that the crystallinity of chitosan was significantly disrupted, and the new chitosan derivative was more amorphous. This can be explained by the supposition that the cross-linked structure enables glucosamine units to become more involved inside the polysaccharide sequence to decrease the strength of the hydrogen bonds of the new compound and retard its crystallization [@bib0140].Figure 3X-ray diffractograms of chitosan (a) and compound 3(b).

DSC thermograms of chitosan and its derivative are shown in [Figure 4(A)](#fig0020){ref-type="fig"}. Chitosan showed an endothermic peak at 100 °C and a sharp exothermic peak at 308 °C. The former may be due to the thermal evaporation of bound water that could not be removed completely upon drying [@bib0145], whereas the latter may be attributed to the decomposition of chitosan [@bib0150]. The chitosan derivative had no endothermic peak at 100 °C because of the adequate dryness of the sample. The exothermic peak at 345 °C was caused by its thermal decomposition. The results indicated that the structure of chitosan chains was changed. The cross-linking process caused chitosan to form a network that improved its thermal stability.Figure 4DSC thermograms (A) of chitosan(a) and compound 3(b), and thermogravimetric curves(B) of chitosan(a) and compound 3(b).

Thermographs of chitosan and its derivative are shown in [Figure 4(B)](#fig0020){ref-type="fig"}. Chitosan showed slow weight loss beginning at 100 °C because of the decomposition of polymers with low molecular weights, followed by obvious weight loss from 259 -- 310 °C, which is attributed to the decomposition of high molecular weight groups, including the dehydration of the saccharide rings, and the depolymerization and decomposition of the acetylated and deacetylated units of the polymer [@bib0155]. The chitosan derivative showed a fast weight loss process from 269 -- 325 °C. At higher temperatures, the chitosan derivative exhibited slower weight loss than did chitosan. The results indicated that cross-linked chitosan formed a network that rendered it more thermally stable [@bib0160], [@bib0165], [@bib0170].

3.3. Swelling behavior of compound 3 {#sec0070}
------------------------------------

The swelling behavior of compound 3 was investigated using four solvents --- acetic acid, hydrochloric acid, water, and sodium hydroxide. The equilibrium swelling ratio of compound 3 in ultrapure water (89.3%) was the smallest of the four solvents (acetic acid, 323 %; hydrochloric acid, 294%; and sodium hydroxide, 201 %). However, the swelling ratios of compound 3 in acidic and alkaline media were higher than that in water. A possible reason for this is that the cross-linked structure, which has many electric charges, can interact with dielectric media. Compared with the alkaline medium, NaOH, the swelling ratio of compound 3 in acidic medium was slightly higher, which can be explained by the assumption that in acidic medium, the amino groups of the chitosan derivative can be protonated. Hence, electrostatic repulsive forces between the charged sites cause increases in swelling. At higher pH, the charge is neutralized, causing the chain to lose repulsion and leading to shrinking [@bib0175]. Chitosan can dissolve in acetic acid because the protonation of primary amino groups causes chains of chitosan to fall apart [@bib0180]. After the cross-linking treatment in this study, however, network formation was found to improve the chemical stability of the chitosan derivative so that it exhibited good swelling behavior in acetic acid.

3.4. Morphology of compound 3 film {#sec0075}
----------------------------------

To investigate bacterial adsorption on the film of compound 3, the morphology of compound 3 film coated on a glass dish was observed as an example, under an inverted phase contrast microscope and AFM. [Figure 5](#fig0025){ref-type="fig"} shows the surface optical and AFM images, which illustrates that the surface of the compound 3 film was uneven or rough. This phenomenon can be utilized to explain why this derivative can adsorb bacteria and even enhance biofilm formation [@bib0185].Figure 5Optical (A) and AFM images (B) of the compound 3 film on a glass surface.

3.5. Bacterial adhesion {#sec0080}
-----------------------

We chose recombinant E. *coli* HB101 pGLO for bacterial adhesion studies. This strain contains exogenous genes and can express green fluorescent proteins. As a commonly used analytical method, the fluorescent intensity of bacteria was used to represent bacterial amounts [@bib0190].

[Figure 6](#fig0030){ref-type="fig"} shows the images of bacterial adhesion on bare glass (control group) and compound 3-coated glass (experimental group) at 12, 24, 48, and 72 h. As shown in [Figure 6(A') and 6(B')](#fig0030){ref-type="fig"}, weak fluorescence exhibited few bacteria on bare glass; from the optical images of [Figure 6(A) and 6 (B)](#fig0030){ref-type="fig"}, we can see that the bacteria were distributed singly, and no biofilm appeared. In [Figure 6(E') and 6(F')](#fig0030){ref-type="fig"}, strong fluorescence was observed and the bacteria formed a biofilm, which implies that a significantly larger number of bacteria adhered onto the coated surface compared with bare glass. In the control groups, after 48 and 72 h, bacterial number increased but remained low \[[Figure 6(C) and 6 (D)](#fig0030){ref-type="fig"}\]; small stocks of the biofilm appeared but many singly distributed bacteria existed all the same, indicating low bacterial adhesion. By contrast, in the experiment groups \[[Figure 6(G) and 6(H)](#fig0030){ref-type="fig"}\], bacterial" number significantly increased and large stocks of biofilm were formed on the modified glass. These results indicated that bacterial adhesion was more appreciable on the modified surface than on bare glass.Figure 6Optical (A-D, E - H) and corresponding fluorescence micrograph images (A' -- D', E' -- H') of bacterial adhesion on native glass surfaces cultured for 12 (A and A'), 24 (B and B'), 48 (C and C') and 72 h (D and D'), and on compound 3-coated glass surfaces cultured for 12 (E and E'), 24 (F and F'), 48 (G and G'), and 72 h (H and H').

[Figure 7](#fig0035){ref-type="fig"} shows images of bacterial adhesion on a polystyrene surface and a compound 3-coated polystyrene surface at 12, 24, 48, and 72 h. The results were similar to those of the glass groups. Bacterial adhesion in the experiment groups was more significant than that in the control groups.Figure 7Optical (A -- D, E -- H) and corresponding fluorescence micrograph images (A' -- D', E' -- H') of bacterial adhesion on native polystyrene surfaces cultured for 12 (A and A'), 24 (B and B'), 48 (C and C'), and 72 h (D and D'), and on compound 3-coated polystyrene surfaces cultured for 12 (E and E'), 24 (F and F'), 48 (G and G'), and 72 h (H and H').

Comparing the graphs of the experimental and control groups in terms of time, it can be seen that both groups adsorbed larger number of bacteria with increasing time, although the bacterial number in the control group slowly increased, whereas that in the experimental group increased rapidly. These results indicated that the chitosan derivative has an excellent capability of adhering bacteria and forming biofilm. No obvious differences were observed between the glass and polystyrene surfaces. The amino groups of chitosan can be protonated in solution. Such protonation causes chitosan to become positively charged and, therefore, highly useful in adhering negatively charged bacteria. Generally, adhesion efficiency is proportional to its charge [@bib0195]; thus, highly deacetylated chitosan has high adhesion capability. The chitosan derivative in this study has many amino groups; hence, more bacteria can adhere to it. Additionally, we speculate that adhesion capability is related to the surface geometry of the chitosan derivative film. The AFM image shows that the film formed is extremely uneven and has many microscale holes, similar to the size of bacteria. These may enable bacteria to easily sink into the small pores and adhere to chitosan [@bib0185]. This may also explain why the chitosan derivative formed a biofilm more easily than did the smooth surfaces of polystyrene and glass.

4. Conclusion {#sec0085}
=============

This study presented a new derivative by grafting ethyl chlorocarbonate onto the hydroxyl group of chitosan and cross-linked using hydrazine. The new chitosan derivative formed a network that exhibited decreased crystal properties and improved thermal stability. However, amino groups remained in the new derivative. These groups may be protonated to exist in the form of positively charged NH~3~^+^ groups that can attract negatively charged bacteria. The results indicate that the new chitosan derivative can enhance bacterial adhesion and biofilm formation. The derivative may also be used for future applications in bacterial adsorption in wastewater treatment and biofilm studies.
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